To end, I synthesize the previous chapters plus some additional literature. I also outline outstanding research questions for future work -and for the next edition of this book.
I discuss the extent to which stereotypic behaviour indicates brain malfunction. I argue that while some forms do not (e.g. those of normal humans or free-living wild animals), some definitely do (e.g. many of those in Chapter 6). As for farm, laboratory and zoo animals, whether some or all of their stereotypic behaviours indicate CNS malfunction is an intriguing, disturbing possibility that needs more research.
Throughout, I use the term 'stereotypic behaviour' in the broad sense recommended in Chapter 10. However, I end by questioning the value of classifying a behaviour solely according to ill-defined aspects of phenotype, and suggest that neither this nor the standard definition (repetitive, unvarying with no apparent goal of function) actually reflect how people use terms like 'stereotypic behaviour' in practice. I therefore propose a new definition centred on the causal mechanisms of repetition: that stereotypic behaviours are repetitive behaviours induced by frustration, repeated attempts to cope, and/or CNS dysfunction. Where such causal factors are unknown, I recommend the blander term, 'Abnormal Repetitive Behaviour' (ARB; cf. Chapter 5). I also suggest that stereotypic behaviours should be sub-categorized into frustration-induced and malfunction-induced forms, the former being maladaptive but readily reversible responses of normal animals to abnormal environments, and the latter, a spectrum of pathologies -some of which warrant the more precise label 'stereotypy' (cf. Chapters 5 and 10) -evidenced by various forms of abnormal perseveration and/or direct signs of impaired in CNS functioning. GM 11.1. Introduction
Outline of this chapter
In this final chapter, I argue that stereotypic behaviour involves diverse mechanisms which are differentially involved across different forms, which explain different aspects of the behaviour, and which likely represent a spectrum from the responses of a normal animal to an abnormal environment, through to the pathological signs of profound brain dysfunction. I begin by synthesizing the previous chapters plus additional literature, first asking some fundamental questions (Section 11.2): overall, what behavioural processes account for the repetitive nature of stereotypic behaviours, and for the very predictable, unvarying nature of some? And what determines the form displayed, be it pacing, rocking or chewing? For each issue, three main processes emerge as most important, from which I select two to discuss in more detail than in the preceding chapters. First, I look at the different types of perseveration that could correlate with repetition, elaborating on the form hinted at in Chapter 8 by Cabib, and comparing this with those reviewed by Garner and colleagues in Chapters 5 and 10. Second, I look at motor learning processes that could render an initially variable behaviour more predictable and routine-like with time and repetition. I end with an overview of the likely routes by which captivity induces stereotypic behaviour. In Section 11.3, I move on to the ethical and practical implications of stereotypic behaviour. Overall, what does it say about captive animals' welfare, and do stereotypic individuals always have poorer welfare than non-stereotypic ones? Do some forms of stereotypic behaviour indicate brain malfunction in captive animals? And if at least some forms do, does this have practical implications? In the final section, as discussed further below, I propose new definitions for 'stereotypic behaviour' and 'stereotypy'. In this, as in all the sections, I also highlight outstanding research questions.
Stereotypic behaviour: scope and definitions
As we have seen in this volume and its website, captive animals show diverse forms of repetitive behaviour which baffle, intrigue or worry us. Many broadly fit the classic, decades-old definition of 'stereotypy', in being 'unvarying and repetitive . . . with no apparent goal or proximate function' (see previous chapters). However, different cases meet this description to very different extents. Some are highly unvarying: routetracing Amazon parrots and polar bears, for instance, may place their feet in exactly the same location each time they repeat a circuit (e.g. Wechsler, 1991; Garner et al., 2003b) ; but in others, in contrast, a variety of postures and movements are employed (as in self-biting or hair-plucking, cf. e.g. Chapters 4-6), animals seeming to have an inflexibility of goal rather than an inflexibility of action pattern. A similar spectrum occurs in the degree of repetition: at one extreme are long, continuous bouts of repeated movements (each bout of route-tracing or spot-pecking by caged canaries, for instance, typically involves 15-100 reiterations; Keiper, 1969) ; while at the other extreme are cases like the pet dog that keeps staring at a lightits stance is still each time, and this behaviour occurs intermittently, and yet it is recurrent day after day, week after week (cf. e.g. Mills and Luescher, Chapter 10) . Furthermore, assessment of that final defining feature of 'stereotypy', its apparent lack of goal or function, is typically very subjective -the caveat apparent probably there just to save us from being precise about something so hard to assess! So, given this descriptive, imprecise definition, it is unsurprising that very diverse behaviour patterns have been pooled under this label. It is equally unsurprising that when certain repetitive behaviours are not termed 'stereotypies', this typically is not for clear, objective reasons. Thus some behaviours are quite arbitrarily given alternative labels instead, such as 'compulsive behaviour' in some companion animal cases, 'redirected behaviour', e.g. belly-nosing in piglets, and even 'exercise' for wheel-running (e.g. Box 4.2). The quandary of definition has been raised repeatedly in the preceding chapters (especially Chapters 2, 4, 5 and 10). In Section 11.4, I therefore revisit this issue, asking whether it is useful to have a classification based purely on phenotype, and even whether unvarying and repetitive . . . with no apparent goal or proximate function accurately captures all that people mean when using the terms 'stereotypy' or 'stereotypic behaviour' in practice.
In the following sections, however, rather than worry too much about this or be sidetracked by questions like 'how unvarying is ''unvarying''?', I am going to follow Mills and Luescher's pragmatic recommendation (see Chapter 10), and use their broad, heterogeneous catch-all term 'stereotypic behaviour' for all apparently functionless, repetitive behaviours. I thus use this to encompass cases from the most clockwork-like, rhythmic forms of pacing and nodding, through to the more flexible wood-chewing of Chapter 2, hair-plucking of Chapter 5 and self-biting of Chapter 6. This term, encompassing a broader group than Garner's 'Abnormal Repetitive Behaviour' (see Chapter 5), is convenient because it does not imply any known or unitary cause. I will also avoid the term 'stereotypy', until my final section (11.4), because of recent calls to restrict it to cases with a known and specific aetiology (see Chapters 5 and 10).
Fundamentals: the Behavioural Processes Involved in Stereotypic Behaviour
11.2.1. What behavioural processes account for the repetitive nature of stereotypic behaviours?
Overall, the repetitive nature of stereotypic behaviour seems to arise for three main reasons. These are not mutually exclusive, and so potentially may act in concert. The first involves sustained or recurrent eliciting stimuli in the animal's internal or external environment; the second, reward and reinforcement (e.g. 'coping'); and the third, perseveration or its correlates.
Sustained elicitation
The first explanation for sustained repetition is that motivationally salient factors (e.g. releasing stimuli in the environment) elicit the prolonged and/or recurrent performance of specific normal behaviour patterns. Thus for instance, sustained nutritional deficits and/or the appetiteenhancing effects of small amounts of food were hypothesized to elicit repeated foraging behaviours in captive ungulates (e.g. food-deprived sows; see Bergeron et al., Chapter 2); the absence of a suitably tunnellike den, perhaps combined with the concave shape of cage corners, to trigger stereotypic digging in caged gerbils; and the aversiveness of the cage environment combined with the salience of odours outside, to repeatedly elicit escape-attempts in laboratory mice (both discussed by Wü rbel in Chapter 4). That the behavioural responses to these stimuli do not habituate or extinguish could suggest that they are reinforced, continuing because of correlations between their performance and some positive outcome (as discussed further below). Alternatively, some 'constraint on learning' (sensu e.g. Shettleworth, 1972) could mean that the responses cannot be suppressed despite failing to be beneficial. To illustrate with examples from research on learning, natural foraging behaviours often spontaneously appear in animals trained to expect food, and persist despite delaying obtaining the reward ('misbehaviour'; e.g. Timberlake and Lucas, 1989) ; while the punishment of escape responses often fails to suppress them, sometimes even enhancing them further (e.g. Mackintosh, 1974) . This inappropriate type of stimulus-induced response may be even harder to suppress if elicited by 'super-normal' stimuli: oystercatchers, for instance, presented with very large fake eggs will attempt to roll them into their nest, and even choose them over normal eggs despite being far too big to actually brood (e.g. Tinbergen, 1951) . Thus stimulus-response links that are evolutionarily reliable or important can be tricked by artificial situations into triggering bizarre, counterproductive actions.
Relevant to stereotypic behaviour are those stimulus-response links perhaps involved in ungulate foraging, at least as envisaged by the 'frustrated food search' and 'inflexible time budget' hypotheses (see Chapter 2); and in the sustained escape attempts or shelter-seeking efforts of caged rodents (Chapter 4) -which Wü rbel suggests may have evolved to simply persist until successful. However, we still do not fully understand the role of such effects in stereotypic behaviour, and they remain an open topic for future research. Could normal motivational mechanisms really account for activities that are repeated thousands of times a day, or can they only explain less extreme forms of stereotypic behaviour? And are some specific natural behaviours inherently likely to be elicited in a sustained manner, due to the way their control mechanisms have been shaped by natural selection? So far, we really do not know.
Reward and reinforcement
Despite superficially seeming functionless, some stereotypic behaviour may have reinforcing consequences. Thus in this volume we have seen that wheel-running is a reinforcer for rodents (Box 4.2) ; that bouts of selfinjurious biting in primates correlate with reductions in physiological stress (Chapter 6); and that the oral stereotypic behaviours of several ungulates are linked with short-term reductions in heart rate, while crib-biting by horses shows 'rebound' performance if prevented for a time, and non-nutritive sucking by calves has physiological effects likely contributing to satiety (reviewed in Chapter 2). We have even seen that pet animals may perform repetitive behaviours to obtain attention or treats from their owners (see Chapter 10).
Furthermore, there are numerous verbal reports that stereotypic behaviours can be satisfying, calming and/or reinforcing for humans (reviewed by Mason and Latham, 2004) ; numerous papers showing that the performance of certain natural behaviour patterns is inherently reinforcing for animals (e.g. Mason et al., 2001) ; and numerous accounts, again from humans, of repetitive activities like chanting, exercise and dancing being stress-relieving (e.g. reviewed by Mason and Latham, 2004) . Thus it could well be that some specific natural behaviour patterns are self-reinforcing ('do-it-yourself enrichments': Mason and Latham, 2004) ; that repetition per se has emergent benefits ('mantra effects': Mason and Latham, 2004) ; or that stereotypic behaviour has some other positive effects; see Chapter 2 for further possibilities). It could even be that such effects have yet further benefits still, through giving animals more control over their state (cf. the classic papers by Weiss et al., cited in Box 1.3; plus work reviewed in Chapter 9 and by Berkson, 1996) .
This general idea -that some stereotypic behaviour helps animals to cope -is a long-standing one, and although certain hypothesized mechanisms for it have now been discredited (see Box 1.3), it clearly remains a live issue today. Nevertheless, more evidence is still needed to ascertain its true role in stereotypic behaviour: so far, there is not a single case in which we know for sure, both that beneficial consequences arise from the stereotypic behaviour (rather than merely correlating with it), and that this causes repetition via reinforcement. This is a fascinating area for future research.
Behavioural disinhibition
The third and final main explanation for repetition is behavioural disinhibition, as manifest for instance in 'perseveration': the generalized tendency to inappropriately repeat recently performed or otherwise prepotent behaviours (e.g. as reviewed in Chapter 5). Such tendencies vary naturally between normal individuals (e.g. see Chapter 5), change with age (e.g. Hauser, 1999; Ridderinkhof et al., 2002 , Tapp et al., 2003 , and also increase with acute stress (e.g. reviewed Mason and Latham, 2004) or, more profoundly, with early social deprivation (see Chapter 6). So far, in every case investigated to date, captive animals with high levels of stereotypic behaviour have proved more generally perseverative, e.g. taking longer to extinguish a learned response that is made unrewarding. Examples from stereotypic rodents, birds and bears were reviewed by Garner in Chapter 5, and more recently this has also been shown in rhesus monkeys with self-injurious biting (Lutz et al., 2004) , and in stereotypic horses (Hemmings et al., 2006) . Strictly speaking, of course, such correlational findings do not show that altered behavioural control causes stereotypic behaviour (although this seems most parsimonious; and circumstantial evidence comes from mice, whose extinction scores predict how stereotypic they are several weeks later: Latham, 2005) . Furthermore, questions also remain as to whether such effects hold for all stereotypic behaviour; whether this necessarily indicates CNS malfunction (see Section 11.3.2) ; and the precise mechanisms involved. Overall, however, perseveration and its correlates appear important in stereotypic behaviour, and look a fruitful topic for further research. I discuss the different potential mechanisms below, in Section 11.2.4. 
Environmental predictability
The second cause of predictability is, in contrast, exogenous to the animal: an unvarying environment. After all, as Clubb and Vickery comment in Chapter 3, 'there are only so many ways an animal can walk around in a small square cage'. That stereotypic behaviour might be predictable simply because there is no great reason to vary it, was first suggested decades ago by zoo biologists like Hediger and Morris (reviewed in Mason, 1993) . More recently, this also formed the core of Lawrence and Terlouw's 'channelling' hypothesis (Lawrence and Terlouw, 1993 ; see Chapters 2 and 4): focusing on the oral behaviours of pigs, they suggested that 'strongly motivated behaviour is highly modified or channelled by the environment into the few simple behavioural elements allowed by the available incentives', and 'thus the behavioural variability . . . of foraging sequences should reflect the variability of the foraging environment'. This hypothesis is supported with anecdotal evidence, both from pigs in environments differing in complexity (see Chapter 2) and also from carnivores. Thus the rhythmic pacing of caged mink or bears can appear extremely unvarying, but if stimuli in and beyond the cage change, so too do these animals' behaviours -quickly shifting in location to follow the sounds of a passing feeding-machine, or instantaneously changing in form so as not to collide with a moving cage-mate or a new obstacle placed in the animal's way (Mason, 1993; Vickery, 2003) . Predictability of form could therefore simply reflect the lack of environmental change or external stimuli needing responding to; and thus be quite independent of the causes of the behaviour's repetition. This intuitive and sensible idea has not, however, yet been formally and quantitatively investigated.
Routine-formation
The third likely process to explain predictability involves stereotypic behaviour decreasing in variability over time due to progressive changes in the behaviour's control. This idea crops up repeatedly in the literature (e.g. reviewed by Mason, 1991a,b; Mason and Latham, 2004; and Chapter 4) , with possible examples including the pre-feeding locomotion of mink (Mason, 1993) and escape movements of early weaned mice (see Chapter 4). Such changes may be due to the normal processes, perhaps arising through repetition, underlying phenomena like the 'crystallization' of song in maturing young birds or development of 'routines' (e.g. the wellused pathways of rodents, or habits and motor skills of humans; see Section 11.2.5). However, although the idea is oft-repeated in the literature on stereotypic behaviour, so far it is little backed with good quality data. Only a few studies on pigs (Cronin, 1985) , bears (Mason and Vickery, 2004 ) and mink (Mason, 1993) show statistical changes in predictability with age or repetition, and, as far as I know, only the latter reports data that are both quantitative and longitudinal, i.e. following individuals over time. In addition, there has been no serious investigation of possible mechanisms (something I return to in 11.2.5); little research into whether observed increases in predictability parallel the many other changes said to occur during 'establishment' (as reviewed in Chapters 3 and 4); and most importantly, no work into whether effects are really caused by the repetition of the behaviour, or instead are mere correlates of it (with both repetition and predictability being, say, products of increased time in captivity and/or increased age at assessment, cf. Chapter 7). Here, like the previous potential explanation, predictability is again a secondary property of the stereotypic behaviour, quite unrelated to its primary cause of repetition (although it may then increase bout number; see Section 11.2.5): an issue that will be important when we discuss different types of perseveration (Section 11.2.4).
What determines the form of a stereotypic behaviour?
This book and its website depict repetitive chewing, tail-chasing, pacing, self-biting, swimming, tongue-rolling, fur-plucking and many other stereotypic behaviours that differ, not just in repetition and rigidity, but also in their basic unit of repetition. This aspect of form is often related to taxonomic group (see Figure 1. 3), and also to timing (with, across a whole range of species, pre-feeding stereotypic behaviour typically being locomotory, but post-feeding, oral; see Chapters 2 and 3). So what determines the action that is repeated, i.e. a stereotypic behaviour's 'source behaviour' (cf. Mason, 1991b) ? Once again I present three broad explanations, although my third category is not a very tidy one.
Surrogates for natural activities
The first group of source behaviours comprises activities like vacuum or redirected movements (see Box 1.1) which resemble a specific natural behaviour pattern (albeit one constrained by captivity). For example, finches deprived of nesting material may stereotypically pluck and carry their own feathers (see work by Hinde, reviewed by Mason, 1993) . Similar likely examples in this volume include, once again, the foraginglike oral movements of ungulates, induced by unnatural dietary regimes (Chapter 2), and the stereotypic digging of gerbils deprived of a suitably tunnel-like den (Chapter 4); as well as the digit-sucking, self-clasping and body-rocking of young primates denied normal maternal contact (Chapter 6; Berkson, 1996) , plus the object-sucking often seen in other newly weaned young mammals (see Box 6.2). Thus here, the cause of repetition can be inferred from the behaviour's very form: animals repeat X' because deprived of X, where X is a natural behaviour pattern and X' its surrogate. Some cases may simply represent stimulus-induced responses, performed as normally as they can be in the constraints of captivity; while others may well be accompanied by motivational frustration (which perhaps is then partially alleviated if X' has motivational consequences that help redress states caused by the lack of X; see Section 11.2.1).
Escape attempts
The second broad group of source behaviours consists of escape attempts. One of the earliest accounts, from Meyer-Holzapfel on the pacing of a dingo separated from its pack, was illustrated in Chapter 3 (Box 3.1). Later came experimental work from Duncan and Wood-Gush in the early 1970s, showing how food-frustration led hens to pace against the doors of their cages (reviewed in Mason, 1993) , and Chapter 4 highlights more recent, elegant experimental work on the bar-mouthing of laboratory mice. Further likely examples from the preceding chapters include the pacing of some young mammals when separated from their mothers (see Novak et al., Chapter 6, plus Box 6.2). Clubb and Vickery (Chapter 3) even suggest that escape attempts underlie all the pacing typical of captive carnivores -since this behaviour is often directed at enclosure boundaries, and is increased by a multitude of factors that make the enclosed area aversive or regions outside it attractive. Thus here, animals deprived of X do not try and replace it with X', but instead attempt to remove themselves from the frustrating situation.
11.2.3.3. And the rest . . .
Finally, we have a third group whose origins are more problematic because they are neither obvious surrogates for particular thwarted natural activities, nor attempts to escape. Here, either the deprivation of X leads to A, B and C (to pursue the notation above), or X' is repeated despite no deprivation of X. For example, frustrated ranging may underlie the pacing of a polar bear, perhaps by enhancing motivations to escape (as reviewed in Chapter 3), but it cannot explain the repetitive 'huffing' noises these animals sometimes make as they pace (e.g. Box 10.4). The deprivation of maternal contact may motivate compensatory digit-sucking, self-clasping and body-rocking, but how it leads to eye-poking, or placing a hind-leg behind the head, is much harder to explain (see Chapter 6). Furthermore, animals that groom themselves or conspecifics to excess (see Chapters 4-5), have clearly not been deprived of the chance to groom in a more naturalistic manner, any more than humans who tooth-grind at night (e.g. Pingitore et al., 1991) have been deprived of normal chewing. Thus in this last group, the source behaviour seems to reveal little about the behavioural or environmental deficit responsible for repetition. We could perhaps call this third group of puzzling actions 'displacement activities', to reflect their apparent irrelevance (cf. Box 1, Chapter 1), but this would merely be a label, not an explanation. So what could explain them? One idea raised in Chapter 8 by Cabib, and by Spruijt and van den Bos in accompanying Box 8.1, is that some stereotypic responses are exaggerated appetitive behaviours resulting from excessive responsiveness to any and all cues predicting reward (a suggestion I develop further in Section 11.2.4). Another hypothesis from Spruijt and van den Bos is that intrinsically rewarding activities are performed repeatedly when animals are chronically stressed, almost as a means of self-comfort (Box 8.1). This idea somewhat resembles Swaisgood and Shepherdson's broader proposal (albeit referring to enrichment-use) that for animals in very barren environments, just doing 'something, anything', may be better than nothing (see Chapter 9). Mason and Latham (2004) in turn hypothesized that the repetition of simple actions could be rewarding via 'mantra effects', the form of action again being quite arbitrary. In other instances still, arbitrary actions might be reinforced by outside events, conditioned by the adventitious arrival of food (see e.g. Mackintosh, 1975 and Timberlake and Lucas, 1989 on 'superstitious responses' in pigeons) or by a distressed owner's attempts to control a pet's behaviour (see above and Chapter 10). Some actions may even selfstimulate acupuncture sites (see Chapter 6). Finally, some forms may instead best be explained through the mechanics of CNS dysfunction: just as different amphetamine effects reflect different sites of action (e.g. Box 7.3), and the distinctive choreas of Huntingdon's disease arise from quite particular basal ganglial pathologies, so too may some captive animals' stereotypic behaviours simply be by-products of specific malfunctions in particular circuits.
Where repetition correlates with perseveration, what different processes could be involved?
As Chapters 5 and 7 discuss, the initiation, termination and sequencing of behaviour patterns depends on loops within the forebrain, which run from the cortex and back again through the basal ganglia. These allow cortical information to be processed by the basal ganglia before being relayed to further cortical areas important in producing behaviour. The basal ganglia have thus been said to 'translate intention into action' (e.g. Graybiel, 1998, quoting James Parkinson). These loops, sometimes given different names by different authors, include the motor/skeletomotor/ sensorimotor loop; the prefrontal/cognitive loop; the limbic/motive loop; and the oculomotor loop (e.g. Rolls, 1999; Haber, 2003; Columbia University Medical Center, 2005 ; see also Fig. 7 .2 and Box 7.2). As Chapters 5 and 7 describe, all involve an indirect pathway which is inhibitory, plus a direct pathway which is excitatory; thus inhibition of the indirect pathway or stimulation of the direct pathway both activate movement, although this can occur in a variety of ways and, depending on the exact mechanism and loop involved, have a variety of behavioural effects. Although usually functioning in parallel, these loops have somewhat dissociable functions and effects (see Chapter 5). However, importantly, they are not closed nor completely independent. They influence each other (e.g. Kalivas and Nakamura, 1999; Rolls, 1999; Haber et al., 2000; Haber, 2003) , something little touched on in this volume (though see Chapter 8). They are also, as we have seen, influenced by other pathways, especially midbrain inputs (e.g. the nigrostriatal pathway to the motor loop: Chapters 5 and 7; and the mesoaccumbens pathway to the limbic loop: Chapter 8), with cortical dopamine also modulating the descending projections from the cortex: important during sensitization to stereotypyinducing drugs, and in stress-induced behavioural disinhibition (e.g. Karler et al., 1998 , McFarland et al., 2004 . Furthermore, each loop can be functionally and anatomically subdivided (e.g. Rolls, 1999 , Chudasama et al., 2003 . Thus despite the dichotomy proposed in Chapters 5 and 10, there are several forebrain loops, and furthermore, they are neither discrete nor indivisible (e.g. Chudasama et al., 2003) : their complexities and distributed functions are a topic of much ongoing research, and the mapping of functions and dysfunctions onto anatomy is a work in progress. These caveats aside, however, the altered functioning of these different loops often seems to affect the properties of behaviour in different ways (e.g. yielding different types of perseveration), and they may even ultimately underlie different classes of stereotypic behaviour -a hypothesis first raised for captive animals by Garner (see Chapter 5 and Box 10.2). Below, I therefore look at these possible effects in more detail, starting with the loops discussed by Chapter 5, 7 and 10, before presenting the brain regions focused on by Chapter 8 in a similarly 'systems level' way.
The motor loop and stereotypic behaviour
The motor loop arises from various parts of the sensory and motor cortex, enters the basal ganglia at the putamen of the dorsal striatum, and returns to regions of the cortex involved in motor/premotor control: see Chapters 5 and 7. As these chapters review, this system matches stimuli to suitable responses, functioning to 'call up' and thence generate appropriate behavioural actions. It is thus directly important for the selection of specific motor 'programs' and thence the control of skeletal musculature. When it malfunctions, it causes problems with initiating individual movements (e.g. Parkinson's disease) or with suppressing them (e.g. amphetamine stereotypy). As Chapter 5 reviews, dysfunctions in this pathway also cause particular forms of motor or response perseveration, in which individual actions are repeatedly performed.
How to assess the role of this system in captive animals' stereotypic behaviour? Perhaps a first screen is observation: any stereotypic behaviour whose movements vary from one repetition to the next cannot be related to this type of perseveration (though similarity from one repetition to the next is, in contrast, insufficient evidence on its own, since as Section 11.2.2 shows, such predictability could arise in other ways). The first experiment to address this question examined how stereotypers responded when learned responses were put into extinction (Garner and Mason, 2002) . With hindsight, this was rather naïve, since motor perseverations are not the only forms to attenuate extinction (as we will see below), but such approaches could be made more relevant by observing if repeated responses made in extinction are always similar (e.g. always using the nose, left paw, etc.): necessary -if again not sufficient -to infer motor perseveration. A more elegant approach, however, is suggested by Garner (see Chapter 5): to use tests that probe animals' spontaneous tendencies to generate repeated responses by asking them to 'gamble' for rewards by, say, pressing one of several, arbitrary, operant levers for a randomly delivered treat. Such tests have shown that highly stereotypic blue tits, Amazon parrots and mice do indeed spontaneously generate more predictable sequences of responses (Garner et al., 2003a,b;  see also Chapter 5). More invasive tests of this hypothesis could probe animals' sensitivities to the stereotypy-inducing effects of amphetamine and similar, to see if levels of captivity-induced stereotypic behaviour predict levels of stimulant-induced stereotypy (cf. e.g. Box 7.3); use the techniques employed by Lewis et al. (see Chapter 7), focusing on the putamen; or look at gene expression in the putamen, as correlates with cocaine-induced stereotypies in monkeys (Saka et al., 2004) .
The prefrontal loop and stereotypic behaviour
Also discussed in this volume is the prefrontal loop (see Chapters 5 and 10) which arises from the parietal cortex and other regions, inputs the basal ganglia through the head of the caudate (again part of the dorsal striatum), and then projects to the lateral/doroslateral prefrontal cortex. Functionally, this has been described as a 'supervisory attentional system' key in planning, impulse control and other high-level, organizational aspects of behaviour. Thus as Chapters 5 and 10 review, damage or alteration to this loop can impair abilities to plan, such that for example complex behaviours are not sequenced appropriately or to completion. In tests of perseveration, such subjects also show a particular form called 'stuck-in-set', characterized by difficulties in changing the rules or 'attentional sets' used to guide behaviour (such as transferring a learned skill to a new situation, or altering what is attended to if the type of stimuli that need to be monitored are changed, e.g. Wallis et al., 2001) . This system has been implicated in some obsessive-compulsive disorders in humans (e.g. Harris and Dinn, 2003) , but what role does it play in captive animals' stereotypic behaviour? So far we have just one, though very neat, piece of evidence: using tests for stuck-in-set perseveration, mice which excessively overgroom and pluck the fur of other animals were shown to have greater difficulties in these tasks than control animals (see Chapter 5).
The limbic loop and stereotypic behaviour
The limbic loop is Cabib's focus in her discussion of stress-sensitization (Chapter 8). It arises in the temporal lobes, anterior cingulate cortex, hippocampal formation and orbitofrontal part of the prefrontal cortex, loops into the ventral striatum (e.g. the nucleus accumbens), and returns to input on the anterior cingulate and the medial/orbitofrontal parts of the pre-frontal cortex. As Chapter 8 mentions, it regulates motivational aspects of behavioural control, such as responding to cues learnt to predict reward, putting effort (e.g. lever pressing) into obtaining reward, and responding to novelty (see references cited in Box 8.1; plus Kalivas and Nakamura, 1999; Rolls, 1999; Robinson and Berridge, 2003; Salamone et al., 2005) . Thus it is important in appetitive behaviour, changes in its functioning particularly affecting the motivational control of these activities. For example, animals become persistent in extinction tests (e.g. Reading et al., 1991 , reviewed by Rolls, 1999 ), but we also see more specific changes too. For instance, amphetamine injected into the nucleus accumbens of rats quadruples the lever-pressing they show when a cue predicting sugar is presented. It does this despite not increasing their baseline lever pressing for reward, nor the apparent pleasure they get from sugar, and thus seems to enhance the effect that motivationally relevant cues have on behaviour (reviewed by Rolls, 1999; Wyvell and Berridge, 2000) . Nucleus accumbens lesions also lead to impulsive choices by rats, in which they cannot resist the lure of a small but immediate reward, even in preference to a large but delayed one (Cardinal et al., 2001) . Likewise, marmosets with lesions to the orbitofrontal cortex become impaired in their ability to perform a 'detour task' where they have to reach around a transparent partition to gain food. Instead, despite the barrier, they try to grab directly at the treat (Wallis et al., 2001) . This type of response, where motivationally important cues elicit relevant, yet impulsive and unsuccessful, behaviour has been termed 'affective perseveration' (e.g. Hauser, 1999) . This is quite distinct from the stuck-in-set behaviour emphasized in the previous section; thus orbitofrontally lesioned marmosets also become impaired in 'reversal learning' (e.g. A is paired with a treat and B not; but the situation is then reversed so that A should now be ignored), without being hampered in their abilities to shift attention to new tasks or stimulus-types (Clarke et al., 2005 ; see also Dias et al., 1996 and Hauser, 1999) .
In terms of stereotypic behaviour, this system (especially the nucleus accumbens) underlies the locomotor responses shown to stimulant drugs (e.g. reviewed in Box 7.3; and by Rolls, 1999) , while the orbitofrontal cortex is also implicated in some forms of human obsessive compulsive disorder (OCD) (e.g. Harris and Dinn, 2003; Szechtman and Woody, 2004; Mataix-Cols et al., 2004) . Fuchs et al., (2004) also implicate it in internally driven compulsions, such as compulsive drug-taking (with Chapter 8 giving further references), as well as in impulsive responding to external cues. So is this loop involved in captive animals' stereotypic behaviours? As we have seen, Chapter 8 presents a case for its role in the stereotypic cage-climbing of stressed, food-restricted DBA mice, behaviour that Cabib argues is an exaggerated response to the cues offered by the (now empty) food hopper. Furthermore, individual frequencies of oral stereotypies (specifically chain-chewing) in tethered pigs positively correlate with the degree of locomotion they show if treated with amphetamine (Terlouw et al., 1992), just as predicted if the former are accumbens-mediated. Most recently, crib-biting horses have also been found to have around double the accumbens D1 and D2 receptor densities of non-stereotypic controls (McBride and Hemmings, 2005) . But how to investigate this possibility further, and in other ways? Aside from drug responses, or the types of detailed neurophysiological measures of Chapters 7 and 8, non-invasive behavioural tests could investigate whether stereotypic individuals show exaggerated responses to multiple different types of predicted rewards (cued food, cued mating opportunities, cued enrichment delivery, and so on); impulsivity when faced with reward cues, even when delays or detours would be more beneficial; and difficulties in suppressing learnt responses when previously rewarded cues are still present (as in reversal learning; or in extinction tests in which a 'reward light' is left on). This is an exciting, so far unexplored, area for future research.
The oculomotor loop and stereotypic behaviour
This final loop controls the eye movements used for looking in different directions, e.g. following moving targets ('saccades'). It is thus unlikely to be involved in most stereotypic behaviours, and was not mentioned by the previous authors. However, its damage or dysfunction can cause oculomotor perseverations. Schizophrenics, for instance, show poor abilities to suppress certain unwanted or unnecessary eye movements under test (e.g. Muller et al., 1999; Barton et al., 2005) . So could severe alteration in this loop lead to oculomotor stereotypic behaviour? Distinctive repetitive eye-rolling has been observed in veal calves (see Broom and Leaver, 1978; Fraser and Broom, 1990) , and it could be revealing to screen them in the type of tests used to investigate abnormal saccades in humans. In the future, it might also be worth looking more closely at smaller captive animals (e.g. rodents), so as not to overlook any abnormal eye movements that they might be displaying.
Where predictability increases with repetition and/or length of time in
captivity, what mechanisms are involved?
Although several earlier chapters alluded to 'establishment' -a change in the nature of stereotypic behaviour with time or repetition -none discussed how this might come about. Here, I therefore review some relevant processes and suggest how they could be investigated. With repetition, normal behaviour patterns can shift into routines with forms of automatic processing (Mason and Turner, 1993; Toates, 2001 ) loosely known as 'central control' (Fentress, 1976; Martiniuk, 1976) , e.g. procedural learning (e.g. Graybiel, 1998; du Lac, 1999; Marsh et al., 2005) . These changes enable individuals to execute regularly performed or fast movements with minimal cognitive processing or need for sensory feedback (Fentress, 1973 (Fentress, , 1976 , speed touch-typers providing one good example. Several processes are implicated in these changes. For example, at a fine motor level, individual actions become 'ballistic' or 'open loop', i.e. executed without the need for feedback (e.g. proprioception). The brain simply generates fixed motor instructions, which are then executed without sensory guidance (e.g. as in the normal pecking of pigeons, during which the eyes are reflexly closed; Wohlschlager et al., 1993), and even, in studies of humans, despite instructions to cease moving (e.g. Salthouse, 1985) . Typists, for example, asked to stop cannot do so in the middle of typing the short and common word 'the' (Kerzel and Prinz, 2003) . A second process (or, more likely, processes: see e.g. Marsh et al., 2005) allows longer, more complex behaviours to become 'automated'. With repetition (e.g. practice, in the case of human skills), behaviour patterns come to need less cognitive monitoring. As a result, the individual can perform the sequence faster, and do other activities simultaneously (e.g. play the piano while talking: Mechner, 1995;  or, in mice, groom while monitoring a novel environment : Fentress, 1976 ). This seems to be because each component of a sequence becomes dependent on cues from the preceding component, instead of on external cues (Mechner, 1995) : thus each action simply triggers the next, a process sometimes termed 'chunking' (e.g. Graybiel, 1998). The term 'habit' as used by experimental psychologists applies to similar changes that also give recurring behaviours a rigid quality; actions performed repeatedly to gain a reward become less and less modifiable by changes in the quality of that reward (see e.g. Dickinson, 1985[N1] ; Killcross and Coutureau, 2003) . Brain regions important in these motor changes with repetition are the cerebellum and striatum (e.g. Graybiel, 1998; de Luc, 1999; Passingham, 1996) .
So could motor or procedural learning be involved in stereotypic behaviour? 'Central control' has long been invoked as a cause of 'establishment', but despite its plausibility, and growing understanding of how repeated actions become skills or habits, this hypothesis really has not been systematically tested. Evidence for this idea would include the following changes to the behaviour pattern with repetition (in addition to increasing predictability): increased speeds of performance; improved abilities to attend to external events without ceasing to perform the behaviour; and some odd 'side effects'. First, if interrupted in the middle, a routine-like sequence may need restarting from the beginning. This can be observed in some musicians (Mechner, 1995) ; in greylag geese eggrolling with their bills (Tinbergen, 1951) ; and in rats in a choice maze which, if disturbed half-way down a run, may return to the 'start box' before repeating their choice (Lashley, 1921) . Second, an action with similar characteristics to a component of a sequence may trigger the rest of the sequence, even if quite inappropriate; as Norman (1981) put it, 'pass too near a well-formed habit and it will capture your behaviour' (see also Mechner, 1995 ; and note the difference from motor perseveration, where similar actions should inhibit each other -see Chapter 5). Third, with decreased attention paid to the control of the behaviour itself, one might see what has been observed in a pacing hunting dog (Fentress, 1976) , and in rodents running along habitual trails (Fentress, 1976; Berdoy, 2003; Latham and Mason, 2004) : collisions with obstacles newly placed in the way. Note too that although that some individuals may have pre-existing general tendencies to routine-formation (e.g. Benus et al., 1987 Benus et al., , 1990 ) -once again, probably detectable via extinction tests -the developmental changes in a stereotypic behaviour should be specific to that sequence: not simultaneously evident across a suite of behaviours (which would instead indicate more generalized changes, e.g. disinhibition, occurring with age, stress, and/or time in captivity; cf. Chapters 5, 7 and 8; and Section 11.2.4).
11.2.6. So overall, why do captive animals perform stereotypic behaviour?
We can see from the preceding chapters and the synthesis above that overall, captive animals perform stereotypic behaviour for the following, non-mutually exclusive, reasons:
1. Internal states induced by the captive environment, and/or cues external to the animal, persistently trigger or motivate a specific behavioural response;
and/or 2. The environment creates a state of sustained stress which affects how the cortical-basal ganglia loops elicit and sequence behaviour, resulting in abnormal behavioural disinhibition; and/or 3. A past, early rearing environment has affected CNS development, again resulting in abnormal behavioural sequencing, with effects evident long past infancy.
Speculatively, future work might even reveal other effects of captivity too, such as diets or stress levels which exacerbate how aging impairs the brain (see e.g. Vallée et al., 1999; Milgram et al., 2004) , or increased risks of the streptococcal infections that can trigger anti-basal ganglia autoimmune disease (e.g. Edwards et al., 2004, Snider and Swedo, 2004 ) -just two possible further topics for future research.
Processes (1)- (3) above explain how captive environments induce behavioural repetition, but do they fully account for the sustained occurrence of stereotypic activities day after day, week after week, year after year? Perhaps they do (we do not know), but in some cases this might, as we have seen, be further promoted by endogenous effects such as reinforcing consequences from the behaviours. Note too that in some cases, the motivational or behavioural control effects of captivity would additionally cause, not just repetition, but also, inherently similar behaviours to be reiterated with little variability. Alternatively, in other cases, as we have seen, such predictability may be superficial, either being a mere artefact of the predictability of the environment or instead just emerging naturally through repetition.
This overview should help us as we now turn to the ethical and practical implications of stereotypic behaviour in captive animals. Throughout this book (especially Chapters 2-8), the theme has been that stereotypic behaviours emerge when a large discrepancy exists between the conditions offered by captivity and an animal's preferred and/or naturalistic state. The brief of the authors was to discuss how these have their effects, not to consider animal welfare per se. However, looking at how such discrepancies act does give fundamental insights into stereotypic behaviours' likely links with welfare (a term I use to refer to an animal's subjective affective or emotional state). I therefore start with this framework, before briefly reviewing the empirical data linking welfare and stereotypic behaviour.
When they are the product of thwarted motivations to perform species-typical behaviours or to escape, then stereotypic behaviours are very likely to reflect aversive mental states, since preventing highly motivated behaviours often causes stress (see any animal welfare text). Importantly, as Chapter 2 emphasizes, this may be true even when the behaviours elicited do not look predictable or stereotyped (cf. the stone-chewing of hungry pigs housed outdoors). In some instances, however, such frustration-induced stress may be somewhat rectified, if the behaviour itself reduces the underlying motivation. Such effects could well complicate links between stereotypic behaviours and welfare (e.g. Mason and Latham, 2004) . Furthermore, if they become routine-like and triggered by a growing range of cues, stereotypic behaviours might track underlying motivational states less closely. Again, this would blur the correspondence between the degree of stereotypic behaviour performed and an individual animal's stress levels (cf. Dantzer, 1986; Mason and Latham, 2004) .
If a stereotypic behaviour is instead the product of ongoing unavoidable stress which induces changes in the CNS, then this too is also likely to be accompanied by poor welfare. Furthermore, when the limbic loop is affected by such changes (as suggested in Chapter 8; see also 11.2.4), then the resulting stereotypic behaviours could perhaps correlate with the types of strong, persistent feeling of 'something being wrong' linked to limbic loop dysfunction in some human OCDs (Robinson and Berridge, 2003, Szechtman and Woody, 2004; Maltby et al., 2005) .
Finally, if early rearing environments have caused lasting CNS changes, then this has more complex implications for welfare. Such early environments may well have caused very poor welfare at the time that they impinged on normal CNS development (see e.g. Chapter 6). Furthermore, like the limbic loop effect suggested above, the malfunctions induced might be accompanied by lasting fearfulness into adulthood (see e.g. Chapter 6; plus review by Mason and Latham, 2004) , such that stereotypic behaviours correlate with poor welfare long after the original insult to development. However, it is also possible that lasting effects of early experience are mere behavioural 'scars', products of past stress but no longer reflecting poor welfare (cf. e.g. Dantzer, 1986; Mason, 1991b; Mason and Latham, 2004) . It could even be that certain early environments impair brain development without ever being stressful or aversive (just as, say, hypoxia is not aversive to many animals, despite being very detrimental to functioning). In this instance, an animal may be rendered dysfunctional and stereotypic without ever having experienced poor welfare.
Small wonder, then, that although stereotypic behaviour is generally held to indicate poor welfare, empirically its links with other welfare measures (e.g. HPA functioning, reproductive success, etc.) are not always clear-cut. For instance, it has long been known that some aversive environments -e.g. very cold ones, or ones involving unpredictable electric shock -do not induce stereotypic behaviour, instead eliciting huddling or crouching (e.g. reviewed Mason, 1991a Mason, , 1993 Mason and Latham, 2004) . In this book, we have also seen that wild-caught or enriched-reared animals placed in barren environments as adults typically show far less stereotypic behaviour than do animals raised in such conditions all their lives (see Chapter 7) -despite presumably finding these conditions far more frustrating. Furthermore, sometimes animals given enrichments show enhanced stereotypic behaviour (reviewed Mason and Latham, 2004) , perhaps because habit-like forms (see Section 11.2.5) are 'slipped into' when similar actions are performed, even when those actions involve enrichment-use.
However, despite these counter-examples, typically environments or treatments leading to stereotypic behaviour are empirically linked with greater signs of poor welfare (see e.g. Figure 2a , Chapter 1). Indeed many known or likely examples of this have been given in this volume. These include exposing pigs to chronic calorie-restriction (stereotypic behaviours increasing with the degree of dietary restriction; Chapter 2), and food-restricting mice (Chapter 8); plus depriving ungulates of fibre (Chapter 2). Indeed in ungulates, stereotypic behaviours could well reflect discomfort or even pain from gastro-intestinal acidosis (see Chapter 2). Further cases where poor welfare may be directly implicated in the emergence of stereotypic behaviours include exposing animals to inescapable aggression (Chapters 3 and 4); the pacing of wild canids faced with noisy human crowds (see Figure 5 , Chapter 3) and of other carnivores prevented from ranging (see Chapter 3); the responses of maternallydeprived infants in a range of species, often greatest the younger they are when deprived (Chapter 6); the self-injurious behaviours of laboratory primates, as predicted by the number of previous 'blood-draws' and other aversive events (Chapter 6); and perhaps the effects of housing gerbils without a naturalistic den (Chapter 4). If all these stereotypic behaviours do indeed represent aversive states like stress, fear and pain, then this is of enormous welfare concern, especially considering the many millions of individuals affected worldwide (see Chapters 1-2).
Within such environments, however, one often finds some individuals with very high levels of stereotypic behaviour, and others with little or none. Do these differences reflect differential adaptation to the captive environment? Should we selectively breed from such non-stereotyping individuals, in order to reduce welfare problems? It would seem not, since paradoxically, individuals that spontaneously develop high levels of stereotypic behaviour often seem to fare better than identically treated but non-stereotypic conspecifics (see Figure 1.2b) . Two recent examples illustrate this with reproductive success: farmed mink with spontaneously high levels of pacing and similar have the greatest litter sizes and lowest infant mortality rates (Jeppesen et al., 2004 ; see also Mason and Latham, 2004) , as do caged African striped mice with high levels of jumping and looping (van Lierop, 2005) . If stereotypic behaviour has beneficial psychological consequences (see Section 11.2.2), or physical ones such as improved gut health (Chapter 2) or better physical fitness (cf. e.g. Jeppesen et al., 2004) , then such effects are perhaps not surprising.
Unfortunately, however, there is an alternative explanation for such findings: that rather than stereotypic behaviour having benefits, not being stereotypic indicates an even more detrimental state. For instance, Novak and colleagues, and Cabib, suggest that depression-like states can be an alternative to stereotypic behaviour: the former describe primate infants newly separated from their mothers as protesting and pacing for a day or two, before lapsing into 'despair' (Chapter 6), while Cabib presents a more neurobiological account of how sustained, uncontrollable stress can, in some mouse strains, reduce tendencies to stereotype and instead promote 'learned helplessness' (Chapter 8). This also fits with some accounts of intensively farmed sows: Cronin (1985) found that the less-stereotypic females were less responsive to novel stimuli, and he judged them as 'less normal' than stereotypers (Cronin, 1985; though cf. Schouten and Wiepkema, 1991) ; these sows also typically proved to be the individuals which had 'protested' most when first tethered (Schouten and Wiepkema, 1991) . Other illnesses or forms of physical capacity might also reduce stereotypic behaviour too: hypo-kinetic diseases like Parkinsonism (cf. some drug-induced forms; see Chapter 10), for instance, would likely reduce active, whole-body stereotypic behaviours, as would conditions like arthritis or muscle fatigue.
Together with the findings of Lewis and colleagues that barrenhoused non-stereotypic deer mice have brains quite different from enriched-housed non-stereotypers (see Chapter 7), this indicates diverging reasons for a lack of stereotypic behaviour: some positive (when enrichment-related), but some decidedly negative for welfare. This is an important topic to investigate further. It also suggests that Table 1 .1 might better reflect the true extent of global animal welfare problems by emphasizing the total numbers of individuals housed in stereotypic behaviour-inducing conditions, not just the proportion developing this behaviour. Such findings also have two practical implications, in suggesting that selecting against stereotypic behaviour, or physically preventing animals from performing it (cf. Box 2.3, and Table 10 .3), are both likely to be counterproductive for animal welfare. If we want to reduce stereotypic behaviour and improve welfare simultaneously, improving captive conditions will usually be the key .
Does all stereotypic behaviour indicate pathology?
Chapters 5-8 and 10 present stereotypic behaviour as at least sometimes the product of CNS pathology. Could it always indicate this type of malfunction? This issue could help us understand the relationships between stereotypic behaviour and welfare, as discussed above, and could also help us better evaluate environmental enrichments for captive animals, since dysfunctional animals may well take a long time to respond (reviewed by Mason and Latham, 2004) . It could also help improve the validity of some rodent research models (see Chapter 5), and perhaps even increase the reintroduction success of captive-bred animals in conservation projects (Vickery and Mason, 2003, 2005) .
Broadly speaking the term 'pathology' has been used in two ways in this volume. Wü rbel (Box 1.4) recommends using it in normative way, comparing the feature in question with the equivalent in some welldefined control group (e.g. wild or free-living animals). Lewis and colleagues, in Chapter 7, arguably do this too, when citing the 'law of stereotypy' as used in some human medicine. However, Wü rbel's recommendation is not that we solely compare outward phenomema, but instead compare underlying mechanisms. This is to enable us to distinguish truly malfunctional changes from 'maladaptive' ones (sensu Mills, 2003) in which normal animals produce unusual responses when placed in unusual environments (cf. our fake-egg-preferring oyster catcher of Section 11.2.1). Nevertheless it is still not clear how this approach would distinguish adaptive long-term responses to challenging environments (cf. e.g. phenotypic plasticity) from non-adaptive ones. Novak and colleagues instead adopt a consequentialist approach, describing stereotypic behaviour as pathological if taking up excessive time or causing self-harm (Chapter 6). However, Wü rbel's concern with this is that something like fever might then be termed pathological. Overall, then, perhaps the best definition combines both approaches: thence stereotypic behaviour is pathological if caused by neurological, neurophysiological or behavioural differences from those of wild, free-living or very enriched-housed animals, and if such changes also have no functional value in any context or have demonstrably have harmful consequences. We might add that such changes should be hard to rectify (cf. examples in Chapter 6 and 7): a trait instantly reversible with enrichment is, intuitively, perhaps not one we would call pathological.
Stereotypic behaviours are clearly not always pathologies. Perhaps the best evidence comes from normal, healthy humans, who show stereotypic behaviours from babyhood right through to adulthood (e.g. Thelen, 1979; Rago and Case, 1978) ; indeed at least three of this book's authors (myself included) regularly finger-chew, knee-joggle and pace! Such activities are not malfunctional even where they correlate with perseveration (see e.g. Happaney and Zelazo, 2004 on the compulsive-like behaviours of normal human children; also Zohar et al., 1995 as cited in Chapter 5), since some degree of persistence or perseveration is itself a perfectly adaptive feature of normal behaviour (e.g. Benus et al., 1987 Benus et al., , 1990 Hauser, 1999) . Stereotypic behaviours have also been seen in freeliving wild animals with no other signs of impaired function, e.g. stoneplaying and wrist-biting in Japanese macaques (Grewal, 1981; Huffman, 1984) , circling by hedgehogs (e.g. Boys-Smith, 1967) , tongue-playing by wild giraffes (Veasey et al., 1996) , and transient pacing by polar bears (Ames, 1993) . At the other extreme, in contrast, some stereotypic behaviours clearly are pathological, such as those of deprivation-reared monkeys, described in Chapter 6 as being caused by changes in brain functioning, accompanied by cognitive deficits, potentially resulting in self-injury, and very hard to reverse. A range of less clear-cut cases occurs between these extremes. The stereotypic behaviour of barren-reared deer mice, for example, reflects CNS development differing from that of enriched-reared animals, yet seems reversible, at least up until a certain age (Chapter 7); while the behaviourally activating effects of stress-induced sensitization (Chapter 8) could perhaps be adaptive responses to challenge, at least for free-living mice.
While we may not yet know the full picture in these -and many other -instances, it is worth questioning whether pathological changes underlie the stereotypic behaviours so evident across zoo, farm and laboratory animals. For instance, while sham-chewing, chain-mouthing farmed sows were considered by Chapter 2 primarily as normal animals seeking foraging outlets in a energy-deficit, physically restrictive world, it is perhaps telling that like Chapter 8's mice, their stereotypic behaviour does not emerge straight away, but instead appears gradually, after a few weeks of tethering (Cronin, 1985) , with its correlation with amphetamine-responsiveness not evident until 3 months of this treatment (Terlouw et al., 1992) . Could the frustration of food restriction, the anxiogenic effects of acidosis (Hanstock et al., 2004) and/or inescapable gastric discomfort, cause progressive CNS stress sensitization? Furthermore, these animals would have been removed far earlier from their mothers than would happen naturally, and we know that extremely early-weaning (at least) does affect piglets' dopaminergic (Fry et al., 1981 , Sharman et al., 1982 and serotinergic (Sumner et al., 2002) systems (see further discussion in Chapter 2 and Box 6.2). The circumstantial evidence is thus rather compelling, and fully assessing the degree to which captive animals have CNS dysfunction should thus be a major future research goal.
Redefining and Classifying Stereotypic Behaviours
I introduced this chapter by describing the standard definition of stereotypies -repetitive, unvarying with no apparent goal of function -as bland, and potentially not very useful. Here, I argue that this definition pools too many diverse phenomena; puts the focus on traits which are either secondary to the key issues (how unvarying a stereotypic behaviour is) or so hard to measure as to be useless (whether or not there is a goal or a function); while omitting features typically implicit whenever people discuss these behaviour patterns. I therefore propose that we replace it with a new definition based on biological causal factors. I also suggest how we might classify and subdivide these behaviours in the future.
Redefining stereotypic behaviour
I have often been asked 'Is such-and-such a stereotypy?', with such-andsuch variously being a dog chasing a ball, a toddler sucking its thumb, a piglet performing belly-nosing, a rodent wheel-running, and so forth. However, despite the formal definition given above and elsewhere, the people posing this question were not asking 'Is such-and-such repetitive, unvarying, and with no apparent goal of function?' After all, they could assess that perfectly well for themselves! Instead, they were really asking: 'Does this individual have a problem? ' Veasey et al. (1996) were some of the few to make this explicit: in their paper on giraffe behaviour, they expressly did not class the tongue-playing of wild individuals as stereotypic because it was not linked with food restriction nor with enclosure. I suggest that, like these authors, we acknowledge the implicit baggage usually attached to the terms 'stereotypy' and 'stereotypic behaviour', rendering it explicit in a new definition: stereotypic behaviour is repetitive behaviour induced by frustration, repeated attempts to cope, and/or CNS dysfunction. In captive animals, these stem from a deficit in housing or husbandry, where a deficit means something that the animal would change if it could (e.g. a motivational deficit linked with frustration; a health deficit linked with nausea or pain; or a safety deficit causing fear), or that causes a pathological change. Where we simply do not know the biological cause (as, for example, is often the case for zoo animals -see Chapter 9), a better term may instead be the Abnormal Repetitive Behaviour (ARB) of Chapter 5.
This definition reflects how most people use the term in practice, turns the question 'Is such-and-such a stereotypic behaviour?' into an interesting and relevant one, and indeed reflects why researchers find such behaviours worthwhile topics for study. It means we can stop worrying about whether a foetus sucking its thumb in utero (see Mason, 1993 ) has a stereotypy, or whether a dog happily chasing a ball and a cat kneading a pillow while purring loudly are stereotypic: they are not. The behavioural mechanisms involved in these cases might help a full understanding of true stereotypic behaviour, but they are benign examples of rhythmic behaviour that we should simply not be side-tracked by.
Furthermore, this new definition now focuses on the behaviours' mechanistic causes rather than on their phenotypes. My proposed definition thus omits reference to how unvarying the behaviour is. If it is useful to exclude the kneading cat or thumb-sucking foetus, so too do I believe it useful not to exclude the hungry pig sporadically stone-chewing in a muddy pasture, or animals plucking out their own or others' pelage in a variable manner. Some (similar) behaviours could look more predictable than this merely because they are performed in a very stable environment, or because they have been rendered habit-like with repetition -and I therefore suggest that 'predictability' is simply too trivial to be a defining characteristic. I also omit 'lack of apparent goal or function' from the new definition. This is partly because this is hard to quantify (at what point does drinking become 'polydipsia'?), but also because if future research shows the tongue-rolling of cows to be an effective way of reducing foregut acidity, for example (cf. Chapter 2), I would like to term it 'stereotypic' nonetheless, since it is a response to an environmental deficit, plus closer to the arguably less functional oral stereotypic behaviour of horses than to anything from a cow's normal repertoire.
Categorizing stereotypic behaviours
From this framework, I now build on the suggestions of Garner, Mills and Luescher (Chapters 5 and 10), and of Latham and Wü rbel (Box 4.2) that stereotypic behaviours should be sub-categorized according to their underlying causes. Like them, I suggest that the causes of repetition are key, i.e. the primary distinguishing features of different stereotypic behaviours. Other mechanisms involved in stereotypic behaviours (the extent to which they are reinforced; the extent to which they have become habits over time; their origins in terms of source behaviours) then cut across this basic categorization, further providing useful ways to describe, explain and compare the features of individual cases.
Rather like the old division between 'cage stereotypies' and 'deprivation stereotypies' (cf. Mason, 1991a Mason, , 1993 ; Novak et al., Chapter 6), but focusing on biological mechanism rather than environmental cause, I therefore suggest the following:
1. The term 'frustration-induced stereotypic behaviour' should be used for repetitive behaviours driven directly by motivational frustration, fear or physical discomfort. These behaviours need not be the product of any underlying abnormality (they are maladaptive, not malfunctional). Their source behaviours reflect this deficit, deriving from rapidly emerging attempts to find a surrogate for a missing normal behaviour, to escape from confinement, or to otherwise alleviate a problem; and they are abolished immediately by a specific change in husbandry that successfully rectifies this underlying deficit. Furthermore, such changes should reduce them in a 'dose-dependent' way -the most strongly preferred treatments being most effective in reducing the stereotypic behaviour. 2. The term 'malfunction-induced stereotypic behaviour' should be used when early rearing or chronic stress impairs brain functioning. These behaviours are the product of pathology; co-occur with a suite of other effects (e.g. quantifiable changes in CNS physiology/anatomy; specific forms of perseveration, etc.); and may involve source behaviours that do not closely reflect the original cause of repetition. In a suboptimal environment, they emerge slowly or in a discontinuous manner; and are correspondingly slow or difficult to reverse, as well as being potentially reversible by any one of a ranges of factors that helped the underlying deficit, even if not the original cause of the problem.
Expanding and overriding the bimodal scheme proposed in Chapters 5 and 10, I also hypothesize that malfunction-induced stereotypic behaviours should be subdivided according to the brain system most affectedor perhaps more usefully, since the precise anatomical localization of dissociable executive processes is sometimes difficult or controversial (e.g. Chudasama et al., 2003) , according to the type of behavioural dysfunction implicated, as reviewed in 11.2.4. Thus I hypothesize that malfunction-induced stereotypic behaviours might be subdivided into:
. motor stereotypic behaviours (or what Chapters 5 and 10 propose to be 'true stereotypies': akin to psychostimulant-induced stereotypies; correlating with motor perseveration; and modulated by the motor loop); . cognitive-loop-related stereotypic behaviours (akin to some human
OCDs; and what Chapters 5 and 10 propose to correlate with stuckin-set perseveration); . affective or limbic stereotypic behaviours (akin to other human OCDs, and also to amphetamine-induced hyper-locomotion; should correlate with impulsivity/impaired reversal learning; perhaps most amenable to treatment with serotinergic agents [see e.g. Clarke et al., 2005] );
and, in some special cases:
. oculomotor stereotypies, (caused by malfunction of the oculomotor loop).
Note that each of my two broad causes of repetition (frustration and malfunction) is continuous across a spectrum: thus animals may be not, mildly, or highly frustrated; not, slightly or extremely malfunctional, and so on. Furthermore, these causes can potentially co-occur in syndromes within the same individual (e.g. as different forms of perseveration seem to in schizophrenia; Harris and Dinn, 2003) . In some cases, they may then combine to determine the overall levels of stereotypic behaviour. For instance, in barren-housed isolated adult mice, perseverative responding in extinction only significantly correlates with stereotypic behaviour if motivational factors (individual differences in the animals' motivations to escape their barren cages and reach enrichments) are statistically controlled for (Latham, 2005) -suggesting that both frustration and malfunction are at work in these animals. In other cases, different causal factors may predict different aspects of stereotypic behaviour (e.g. bout-length versus bout-repetitiveness, or form versus overall frequency; e.g. as suggested in Chapter 5); or even result in different, dissociable forms of stereotypic behaviour within the same individual or group of individuals, as occurs for instance in laboratory mice and autistic children (reviewed in Chapter 5). The various causal factors may also vary in their relative importance over the lifetime of an individual, or even over a short time span if acute stress or attentional demands temporarily increase the effects of perseveration or central control (see Fentress on murine grooming, e.g. in Mason, 1993; Gimpel, 2005) . Thus the categories I propose are not mutually exclusive, and also draw somewhat artificial boundaries across continua. Nevertheless, they may help us classify, and even treat, stereotypic behaviours in a more biologically meaningful way, and according to the primary cause underlying repetition -something argued valuable by Chapters 5 and 10.
In Conclusion
Overall, this book has given us a range of explanations for captive animals' stereotypic behaviours. Some have been based on an understanding of a species' natural behavioural repertoires, social and sensory worlds, ecological niche, and the effects captivity has on frustration or specific aspects of physiological functioning. These help explain why captive animals may repeatedly perform behaviours that resemble attempts to escape, or thwarted elements of the natural behavioural repertoire. Other explanations have been based on the effects of captivity on the neurotransmitter levels, receptor densities, metabolic activity and synaptic connectivities of specific parts of the mid-and forebrains. These account for the similarities between some forms of captivityinduced stereotypic behaviour and behaviours induced by certain drugs, or evident in some human clinical conditions, and they help explain why some forms are so persistent or accompanied by, say, propensities to self-harm.
Reviewing the evidence presented in this volume and elsewhere, I have proposed a scheme whereby stereotypic behaviours are classified according to the mechanisms underlying their repetition, spanning a spectrum from frustration-induced to malfunction-induced. I have also suggested other mechanisms for investigation, to fully explain all the various properties (predictability, form, etc.) of stereotypic behaviours; plus I have suggested ways of subdividing my basic classificatory scheme according to e.g. the nature of associated perseveration. Testing this scheme, for its usefulness in guiding research, and in developing more effective means of treating these behaviours and improving welfare, will rely on the continued combined inputs of ethology, neuroscience and veterinary medicine. By the next edition, perhaps we will be able to judge its success.
